The results of temperature-programmed reduction with hydrogen of alumina supported copper oxide catalysts were used to find the best model describing the kinetics of Cu ions' reduction. On the basis of the rate determining step of this reaction the structure of copper oxide was revealed. This kinetic approach was compared with BET and UV-vis-DRS results. The catalytic activity of various copper oxide forms was tested in toluene combustion.
INTRODUCTION
Complex heterogeneous reactions can be effectively described by the kinetic models based on the following assumptions: 1) a process consists of subsequent steps (consecutive reactions), 2) one step is significantly slower than others and determines the rate of the overall process. These models can be simplified if only one effect related to reagents' transfer or reaction initiation/propagation is taken into consideration. However, the simplified equations still involve many parameters connected with the structure of reactants such as the shape and size of particles. It has been found that the transformation of many models with similar main assumptions into a function of conversion vs. time f( ) results in the same algebraic forms described widely in literature. All of them include characteristic steps (factors) clearly limiting the reaction rate. Table 1 (column A) presents main isothermal model functions where the process kinetics is expressed with the equation:
where: -conversion vs. time (t), k -reaction rate constant involving specific model parameters.
The isothermal model functions can be used for description of polythermal processes with a linear temperature growth after the transformation into the following equation:
where:
-conversion vs. temperature (T), -heating rate (
-reaction rate constant dependent on temperature, according to the Arrhenius equation.
The equation (2) is a theoretical basis for dynamic thermal analytical methods like thermogravimetry (DTA and DSC) as well as temperature-programmed methods (for instance TPR, TPOx, TPD).
In this paper we have used the TPR study for the description of the structural properties of copper oxide supported on -Al 2 O 3 , which is recognized as an active catalyst for the total oxidation of volatile organic compounds (VOCs) [1] [2] [3] . A new approach was the interpretation of TPR measurements by fitting their results to a wide range of known kinetic models. Assumptions of the best fitted models indicated the structure of the investigated catalysts.
MATERIAL AND METHODS
The oxide-type catalysts containing 2, 4, 6, 8 and 10 wt.% of copper were prepared by the incipient wetness method. 1 g of -Al 2 O 3 (Merck) support was impregnated with the proper amount of a Cu(NO 3 ) 2 ·3H 2 O aqueous solution. The obtained precursors were dried at room temperature for 12 hours and then calcined at 550°C (achieved at a heating rate of about 5°C) for 8 hours in air.
Reducibility of the calcined samples was determined by means of the temperature-programmed reduction with hydrogen (TPR). Measurements were carried out in a quartz plug-flow differential microreactor using 2 vol.% H 2 in Ar as a reducing mixture at a flow rate 20 ml/min. A sample (20 mg) was placed on quartz wool and reduced in the temperature range 100-1000°C at a heating rate of 15°C/min. The amount of consumed hydrogen was determined using a thermal conductivity detector (TCD) connected on-line to the reactor outlet after condensation of water at -40°C.
For all the obtained samples, fitting TPR experimental points to model kinetic equations was performed by means of MATHCAD 14 software (Parametric Technology Corporation). The reactor mass balance was transformed into a linear function according to the following equation [4, 5] :
( Table 1 , column B). As a fitting quality criterion the analysis of statistical errors' parameters was conducted: R 2 (the determination coefficient) and StdErr (standard error). A tested kinetic model was considered as most likely describing the mechanism of the catalysts' reduction, when its fitting was characterised by the largest R 2 and simultaneously by the smallest standard error (StdErr). The fitting procedure was performed for 19 kinetic models, contained in Table 1 , over two different conversion ranges: =0.05-0.95 and 0.005-0.995. The latter one allowed observing phenomena occurring at low conversions.
Low-temperature sorption of nitrogen was applied to determine total pore volume and specific surface area. Measurements were carried out at -196°C by means of a ASAP 2010 sorptometer (Micromeritics). Before a test, a sample was outgassed at 350°C under vacuum for 12 h. Copper species dispersion was investigated by UV-vis-DRS in the wavelength range of 190-900 nm using a Nicolet Evolution 600 spectrometer with resolution of 2 nm.
The prepared samples were tested as catalysts in the total oxidation of toluene. In a quartz flow microreactor 0.05 g of a catalyst was placed on quartz wool. A temperature in the catalyst bed was controlled by a thermocouple. Before catalytic tests, samples were outgassed in flowing air at 500°C for 30 minutes and then cooled to the temperature of 200°C, at which measurements started. Toluene was injected at a rate of 100 μl/h by a syringe pomp into a flowing air (50 ml/min). Three 15 minute analyses were carried out at 200, 250, 300, 350, 400, 450, 500 and 550°C. Products were analysed using a gas chromatograph Varian Chrompack CP 3800 equipped with a column DB-1 (J&W Scientific, internal diameter -0.32 mm, length -30 m, thickness of stationary phase -5 μm) and a TCD. The Al 2 O 3 support did not undergo reduction. Slight changes observed in the TPR profile of this material can be attributed to dehydroxylation of Al 2 O 3 surface. For all Cu-containing catalysts reduction with H 2 was a one-step process. For the sample with the lowest copper loading 2 wt.%, reduction started above 200 o C and achieved the rate maximum at ca 320 o C. With increasing Cu loading the temperature of process beginning as well as of its maximum lowered and was equal 170 and 270 o C, respectively, for the sample Cu10/Al 2 O 3 . One can claim that highly dispersed copper species interact strongly with the support and require higher temperatures to undergo reduction. The amount of consumed H 2 suggests the entire reduction of CuO to metallic Cu for the tested samples.
The experimental results of temperature-programmed reduction with hydrogen obtained for the copper containing samples were fitted to model kinetic equations. Table 2 comprises the results of the fit procedure. For the narrower range of conversion (0.05-0.95) the model was regarded as describing the process properly if the determination coefficient was higher than 0.94 and the standard error lower than 0.23, whereas for the wider range of conversion (0.005-0.995) these values were equal 0.98 and 0.11, respectively.
The Avrami and n order reaction models are based on the assumption of the free access of gas reactants to a reacting solid. In the case of the Avrami model nucleation occurs statistically in the whole volume of solid. For the n order reaction model a process takes place in all points of a reacting volume with the same probability. The unsatisfactory results of fitting to the other tested models, assuming limitations in gas migration into solid particles, confirm that the reacting gas has free access to the whole solid volume. Such free access of gas to the reacting solid can be obtained for very small particles or for the particles characterized by high porosity. The assumptions of the n order reaction model are fulfilled when particles are sufficiently small. In this case the pseudohomogenous system can be considered. The Avrami model describes suitably solids consisted of large particles which ensure nucleation.
One can observe that a fitting quality decreases with the copper content for the 1 st order reaction model. The opposite effect is visible in the fitting to the Avrami model (N=4), where the best results were obtained for the Cu10/Al 2 O 3 sample. Basing on the structural assumptions of these models it can be concluded that at low Cu loadings copper oxide forms a highly dispersed monolayer on the -Al 2 O 3 surface. An increase in the copper content results in an appearance of highly porous CuO agglomerates. Fig. 3 . UV-vis-DR spectra of alumina supported copper oxide catalysts. Figure 3 presents UV-vis-DR spectra of the prepared alumina supported copper oxide catalysts. The main band observed at about 235 nm can be ascribed to charge transfer between isolated O 2-and Cu 2+ ions in isolated copper oxide species [7] . An increase in the copper content caused a band shift to higher values typical of crystalline CuO, which suggests agglomerating copper oxide on the support surface. The formation of CuO crystallites at higher Cu loadings was also confirmed by appearance of a band at 750 nm typical of electron d-d transfer [8] and is in good agreement with conclusion based on the TPR kinetics study. * The obtained samples were tested as catalysts in the total oxidation of toluene, their activity is shown in Figure 4 (Figure 1 ). The TPR of the Cu6/Al 2 O 3 sample occurred according to the Avrami model kinetics (N=4), where crystallite nucleation and growth is the rate determining step. These observations combined with the UV-vis-DRS results (Figure 3 ) prove the formation of highly dispersed CuO crystallites, which form active phase responsible for the high catalytic activity in the total oxidation of toluene.
CONCLUSIONS
The interpretation of temperature-programmed reduction results based on the descriptions of recorded TPR curves by kinetic models allows to determine the structure of reducible catalysts' components. It was shown that such an approach is a useful method for studying CuO dispersion being a crucial parameter which influences the catalytic activity in the total oxidation of toluene. The obtained results were verified by UV-vis-DR spectroscopy which confirms the distribution of CuO on the alumina support proposed by TPR.
